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ABSTRACT 
This thesis presents new experimental data on newly 
defined 'straggling free practical' ranges and mass absorption 
coefficients of positrons and electrons of energy E^.^ lying 
between 250 KeV to 1.88 MeV in a large number of elemental 
materials, including the rare earth metals for which these are 
the first such investigations. V/hile proposing a new defini-
tion of the 'straggling free practical range', attempts have 
been made to establish the meaning of this range which could 
account for the salient features of the interaction of positrons 
and electrons with the atoms of the medium they traverse. A 
new and simple method has been developed for viewing the per-
centage of transn-itted beam intensity theoreti'^ally as a func-
tion of the thickness of the absorbing material through which 
the beam passage takes place. A meaningful comparison of the 
theoretical and experimental data on mass absorption coeffici-
ents and ranges has been presented. 
The contents of the thesis have been divided in five 
parts. 
The first Chapter deals with the present status of the 
problem of penetration of positrons and electrons in diffd 
materials. A summary of the various experimental aporoaches 
for the determination of ranges of positrons and electrons is 
presented. It is observed that most of the measurements are 
- IX -
in few materials and mostly in Aluminium only. These earlier 
measurements of ranges by different techniques differ from one 
another because of the use of different conventional defini-
tions of range and the geometrical arrangements of the set-up 
used. A brief review of the various theoretical approaches on 
the electron and positron penetration and ranges is also presen-
ted in this Chapter. 
The second Chapter deals with the upto date developments of 
the theories of the inelastic processes and the multiple scatter-
ing phenomenon followed by the conclusive discussion on the 
effects of straggling. 
In the third Chapter the experimental techniques and measure-
ments of straggling free ranges and mass absorption coefficients 
of positrons and electrons in a large number of materials and 
at different energies are presented. A new definition of the 
'straggling free practical range' is proposed. A critical 
investigation of the geometry effect has been reported. A 
simple empirical relation for the straggling free ranges of 
these particles is found by subjecting the present experimental 
data to the least squares fit method. A meaningful comparison 
of the mass absorption coefficients and straggling free practi-
cal ranges, of positrons and electrons has been made. The 
experimental values of the ranges have been compared with the 
theoretical values and the limitations of the theoretical 
calculations have been pointed out. 
- Ill -
In the fourth Chapter a new theoretical method to repro-
duce the transmission curves theoretically has been developed. 
It is impossible, to build-up the transmission curves and hence 
to get any information about the absorption coefficients, on 
the basis of the existing theoretical approaches. The values 
of the ranges and the mass absorption coefficients realized 
from theoretically constructed curves at different energies and 
in a large number of materials, have been compared with the 
experimental values. 
In the fifth and last Chapter a simple attempt has been 
made to deal with the limitations of the earlier theoretical 
approach, listed in Chapter first and third. The treatment of 
the inclusion of the higher order terms in the elastic scatter-
ing expression, though not very rigorous, provides a good 
improvement of the results on ranges„ The inclusion of the 
effects of the diffusion phenomenon on the ranges of positrons 
and electrons have also been investigated. The final results 
have been compared with experimental values for few cases at 
few energies. 
It can be concluded that the results of the present inves-
tigations confirm that there is a difference between the 
transmission behaviour of positrons and electrons. 
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CHAPTER - I 
INTRQDXTIQN AND REVIEW OF THE PROBLEM 
1.1 INTriODUCTIQN 
The knowledge of the features of the transmission and 
absorption of low and intermediate energy electrons and posi-
trons in elemental materials is of great importance for the 
experimental methods in nuclear, atomic and solid state physics. 
It is also useful in understanding the various interactions of 
these particles with matter. In the field of nuclear spectros-
copy, for work with internal-conversion electrons, p-rays, 
Auger electrons and photo electrons etc., one needs to know the 
exact fraction of the incident electrons transmitted through 
an absorber. The knowledge of the ranges of these particles in 
matter has useful applications for the study of biological 
effects, radiation damage, dosage-rates and energy dissipation 
at various depths of an absorber. It has also useful applica-
tions in the design of detection systems, radiation technology, 
semi-conductor detectors, shielding and choosing the proper 
thickness of the targets. 
Inspite of these important applications, the concept of 
ranges of electrons and positrons in matter is still ambiguous. 
The penetration of positrons through matter and their correspond-
ing differences from electrons has been a subject of very little 
investigation both theoretically as well as experimentally. The 
ambiguous concept of the ranges, both from the experimental as 
well as theoretical point of view, is because of the fact that 
different experimentalists ~ ^ have used different definitions 
: 2 
of range. 
The transmission curves of electrons and positrons have 
a long straight portion down to fairly low transmission and 
then a considerable tail going into the back ground. At low 
transmissions, when the electrons have penetrated a certain 
fraction of their range, the beam becomes diffused and the 
phenomenon of diffusion sets in, with the result that transmi-
ssion curves have nearly the same shape at the end. Several 
definitions have been employed to obtain ranges from the trans-
mission curves. The various range definitions will be discussed 
in Chapter - III. 
With the development of linear accelerators, some workers 
like Hereford and Swan ', measured the absorption of monoener-
getic electrons of few MeV. In their review article Katz and 
12) Penfold ' gave a comprehensive summary of the earlier work of 
experimentally determined ranges of monoenergetic electrons and 
continuous beta-ray energies. They have pointed out that there 
is no distinct difference in range between monoenergetic elec-
trons of energy E and beta-rays having the same end point 
energy. 
1.2 SUMMARY OF THE EXPERIMENTAL WORK WITH ELECTRONS 
AND POSITRONS 
The earlier experimental work was reviewed by Katz and 
12) Penfold ' in 1952, The measurements were mostly in aluminium 
m ^ • 
absorber using electrons. The experimental geometries were 
given no consideration and the final percentage transmissions 
through absorbers in many cases were quite high and also 
different for different workers. The experimental work simply 
depicted the qualitative behaviour of electron transmission. 
In the early work on transmission experiments no attempt was 
made for the study of positron transmission. This was probably 
due to the non-availability of positron sources on the one hand 
and difficulty in their detection on account of back ground 
8 9) problems involved on the other hand. Seliger * and 
Gubernator * '' did some work on the transmission of positrons 
in the energy range of 180 KeV to 960 KeV, and 50 KeV to 160 KeV 
respectively. These measurements were made in limited absorbers 
and no considerations were given to the geometry of the detect-
13) 
ing system. Nathu Ram et al. ^ have studied the mass absorp-
tion coefficients of electrons and positrons of 0.324 MeV and 
0.544 MeV in Be, Al, Cu, Ag and Pb. However, they did not 
corelate their measurements with any theory. 
The experimental work with electrons and positrons is 
represented in table 1.1, indicating the energies at which the 
measurements were made; the absorbing materials used and the 
geometry of the experimental set up used, where it is known. 
1.3 THEORETICAL APPROACHES 
(a) C.s.doa. ranges;- The abbreviation C.s.d.a. stands for 
141 
continuous-slowing-down-approximation. Berger and Seltzer ' 
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have tabulated these C.s.d.a. ranges taking into consideration 
15) the energy loss due to ionization and excitation and also 
the bremsstrahlung process ' . The C.s.d.a. range is the path 
length which a particle would travel in the course of slowing 
down, in an un-bounded homogeneous medium, from initial kinetic 
energy T to zero energy, if its rate of energy loss along the 
entire track were always equal to the mean rate of energy loss. 
C.s.d.a. range was calculated by integrating the reciprocal of 
the total stopping power:-
Rj.s.d.a.'T) = / [-j ( f ) * ] ' ' « ^ Ri ( V .. (1.1) 
T-j 'J Total 
where T, is some lower limit of energy below which the calcula-
tions can not be performed because of the poor knowledge of the 
dE i 
stopping power and also i-^) becomes infinite as the energy 
becomes zero. T, is normally taken as 1 KeV. For intermediate 
+ 
and high energy electrons the contribution of R (T,) is 
negligible. Also 
/ ^ ^ Total " J '^ ^ Coll. " P ^^ Rad. -^(if)" , =-imr.. - s O " ••• (^ -2) 
where the positive sign corresponds to positron and the negative 
sign corresponds to electron, j is the density of the material. 
17) Berger and Seltzer ' have tables for the energy loss due 
to excitation and ionization as well as due to radiation in 
different materials. 
• 7 • 
The C.s.d.a. range pertains to a particle track that is 
•typical' but not experirentally realizable. If we compare the 
C.s.d.a. ranges of electrons and positrons in any material with 
the corresponding experimental values, it is observed that 
C.s.d.a, ranges are always greater than the measured values. It 
is also observed that although the C.s.d.a. range is an increas-
ing function of the incident energy of the particle, and this 
is consistance with the experimental observation, nevertheless 
if these C.s.d.a. ranges for different elements are plotted as 
a function of energy, then at a fixed energy the values of these 
ranges are higher in a high Z material and smaller in low Z 
material. This is in contradiction with the experimental obser-
vations where the values of range at a fixed energy is less in 
high Z materials as compared with low Z materials. This fact 
is clear from Fig. 1.1 and 1.2. Hence the C.s.d.a. ranges fail 
to explain the observed values both qualitatively as well as 
quantitatively. 
(b) Multiple scattering studies;- C.s.d.a. range was based on 
32') 
purely inelastic considerations. Using multiple scattering '' 
Rohrlich and Carlson ^ calculated Z. / z ^ , where Z^ and Z^ 
are called the average penetration depth for positrons and 
electrons respectively, which is defined as the amount of 
absorber thickness to be placed in the path of the beam of 
positrons or electrons, such that the particles lose completely 
the memory of their initial orientation. 
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2 
The average energy E^ = Yd ^^ ^t which the particle 
losses its memory of initial direction is defined by the 
31) 
condition ' 
<Cos 9> = 1/e ... (1.3) 
average ' 
where 0 is the angle of multiple scattering. They estimated 
+ 
approximately the values of y^~ which correspond to the 
instant when the average cosine of the multiple scattering angle 
drops to l/e, for any value of y . The average penetration 
+ 
depth corresponding to Y^" ^^ given by:-
V = S\ kfCY„, Y) I (||)* j"'dy ... (1.4) 
Y " 
where 
kf (Y^. Y) =<Cos © 4 = [ ^ f ... (1.5) 
and 
+ + + , 
G (Y) = ^ Y ^ e ' ^  ... (1.6) 
The constants a and b were assumed to be appreximately of the 
same order of magnitude for small and large values of atomic 
numbers. 
15) 
Rohrlich and Carlson '' calculated the values of penetra-
tion depths in aluminium and lead for the energy range from 
0.1 MeV to 2.04 MeV taking into account the energy loss due to 
: 9 
excitation and ionization only. Their values of /.^  JZ^ in 
aluminium increase with increasing energy upto about 1 MeV and 
after that this ratio decreases. In case of Pb, Z^ /Z^ first 
increases with energy upto 1 MeV and then becomes constant. No 
explanation has been given for this behaviour. 
Further limitations of these calculations are as follows; 
1. The average penetration depth ZJ or ZJ , defined by the 
condition <Cos 0> = l/e, has no physical significancq and 
3 V 
is not experimently realizable quantity, hence it can not be 
compared with range. The comparison of Z^ /Z^ with measured 
range ratio R /R does not seem to be justified. Z^ /Z^ at 
the most provides only the qualitative nature of the multiple 
scattering differences between electrons and positrons. 
15) 
2. Rohrlich and Carlson ^ completely ignored the energy loss 
due to radiations and used only the energy loss due to qolli-
+ 
sions in their expressions for <Cos 0> and Zn . The 
average " 
contribution of radiation losses at 2 MeV for the case of Pb 
17) 
was reported ^ to be 21;^  of the total energy loss, hence their 
calculations are not at all reliable at these energies. 
3. Due to the approximations used for the evaluation of th^ 
integrals in these calculations some percentage error i? 
bound to appear in the final results, but no mention of this 
error has been made. 
4. The values of Z^ IZ^ has been reported only for the case of 
: 10 : 
Al and Pb, and these calculations are not possible for other 
+ + 
materials. This is because the constants like a and b~ have 
been tabulated only for lead and Aluminium. 
(c) Theoretical projected ranges;- Rohrlich and Carlson ' 
+ 
calculated Z^ taking into account only the elastic scattering 
14) 
of electrons and positrons. Also the C.s.d.a. ranges ' were 
based on purely inelastic considerations, and both of these 
14 15) 
approaches * ' do not interpret the measured ranges. While 
penetrating an absorber the electrons and positrons undergo both 
elastic as well as inelastic interactions with the atoms of the 
18—?1) 
absorber. Batra and Sehgal ' have taken into account both 
+ 
these processes while calculating the projected ranges R for 
positrons and electrons. The mean projected range is defined as 
the mean projection of the path of these particles on the direc-
tion of incidence in the absorber. They assume that the inelas-
tic scattering is statistically independent of energy loss 
fluctuations. Near the end of the range of electrons and posi-
trons the energy of the particle becomes small and therefore 
multiple scattering is large. When the multiple scattering 
angle becomes very large, the electrons thereafter diffuse ran-
domly and this contributes to straggling. For simplification they 
assume that the electrons first undergo a straight motion and 
their interaction with matter is only through inelastic process. 
The effect of multiple scattering is incorporated afterwards. 
In order to apply the multiple scattering correction, the 
: 11 : 
2 i 
mean square angle of multiple scattering <Q > (when electrons 
traverse a small thickness x of the absorber) is required. The 
total stopping power - -5, (TTZ)~' » (where S is the density 
^ °^ Total 
of the material), is required as input parameter for calculating 
<0^>~ , Batra and Sehgal ~ •' found simple empirical relations 
of total stopping power, which are easily integrable. The 
situations of the random motion of electrons and positrons by 
multiple scattering have been visualized by them using the 
definition of transport mean free path 'l-t i.e. the average 
distance a particle traverses before being scattered through an 
]R—21) 2 i 
angle ^ TI/2. This condition has been proved ^ to be <©p> = 2 
+ 2 ± 
If T^ and <0 > are the energy and the mean square projec-
ted angle respectively, corresponding to the instant when the 
motion of the particle becomes random, then the projected R~(T) 
is given as:-
«p (T) = R5.3.d.a. (« - Rc.s.d.a. (T7) ••• (1-7) 
18—21) The values oi the projected ranges ^ are comparable with 
the present experimental values. The agreement for 6^Z^13 
materials is good. For intermediate and heavy elements these 
18—21 ") 
calculations ~ ' give lower values of range as compared to the 
experimental values. The difference is small for intermediate 
Z values but goes on increasing with increasing value of Z. 
At Z = 82 the theoretical values are off by 2b-/. for particle 
energies of one MeV. The difference is more for still lowet 
: 12 : 
energies. This difference in the theoretical and experimental 
values is probably because of two reasons. 
(1) Batra and Sehgal '' have used Mott's '' expression for 
elastic scattering cross section, which is in the form of 
a power series in aZ, where a = 1/137. They have used only the 
first term of this series, leaving the higher order terms. 
2 3 For small values of Z the higher order terms like (aZ) and (aZ) 
give negligible contribution, but for high values of Z, the 
contribution of these higher order terms may be appreciable. 
18—21) 
(2) In these calculations ' they have ignored the contribu-
tion to the range coming from the diffusion part. They 
considered diffusion to contribute to straggling only. From 
their reference - 21, Figs. 5 - 6 , one observes that as the in-
cident kinetic energy of electrons and positrons decreases and 
also with the increase of the atomic number Z of the absorber, 
the fraction of energy left with these particle increases. The 
contribution of the diffusion part of the ranges in the procedure 
18—21\ based mainly on their ' calculations, if taken into account 
makes these calculated values of straggling free practical ranges 
agree very well with the experimental data. 
1.4 PRESENT INVESTIGATIONS 
(i) The penetration of electrons of energy E = 0.25 MeV, 
^' max ' 
0.77 MeV, 1.53 MeV and 1.71 MeV through a large number of 
elemental materials, 64:Z^82, has been studied experimentally. 
13 
Experimental measurements in the rare earth metals have been 
made for the first time. Simple empirical relations have been 
found for the straggling free range. Penetration of 1.88 MeV 
positrons in a number of materials including the rare earth 
metals has been experimentally investigated, and the comparison 
is made with the electron transmission. 
(ii) An attempt has been made to build-up the transmission curves 
theoretically so as to get information about the practical 
ranges and absorption co-efficients of electrons and positrons 
for 6,^ Z<^ 82. The procedure used is to divide absorbing foils 
into a large number of thin slices. The scattering of the elec-
trons and positrons in the backward direction in each slice has 
been taken into account to find the transmission through that 
particular slice. The energy loss in each slice has also been 
taken into account. This method is suitable for finding the 
absorption coefficients of different absorbers at different 
energies theoretically. The values of the absorption coeffi-
cients obtained from these theoretical transmission curves have 
been compared with the experimental values. 
(iii) A simple method has been developed for calculating the 
straggling free practical ranges, Rg^ , of positrons and 
electrons of kinetic energy < 5.0 MeV in materials of any Z, 
taking into account the straggling part of the range and also 
accounting for higher order terms in the Mott's expression ^^  
for the elastic scattering cross section. The procedure is 
14 : 
mainly based on existing theoretical calculations ~ ' with 
the modification that the ranges of these particles are calcu-
lated by taking into account the contributions of both the parts 
of the range i.e. before and after the diffusion process starts. 
The ranges thus calculated would be of great use for better 
understanding of the present experimental data, and a meaningful 
comparison of the theoretical values with the experimental value; 
15 : 
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CHAPTER - I I 
PENETRATION UF ELECTRONS AND POSITRONS THROUGH FOILS 
2.1 INTRODUCTION 
Like other moving charged particles, electrons and 
positrons, by virtue of their moving electric field create 
disturbances in the electronic structure of the atoms and 
molecules of the niedium through which they move. The pene-
trating particles lose energy and are deflected from their 
origional course, i.e. scattering takes place. In the region 
of energy of the radio-active fi-emitters, the deflection of the 
electrons is due almost entirely to the elastic collisions with 
the atomic nuclei, while the energy loss, except that due to 
the bremsstrahlung v^ /hich is small, results from the interaction 
with the atomic electrons. Therefore, it is possible to treat 
the two phenomena separately, though of course they always occur 
together. For positrons the general behaviour is the same as 
that for electrons. A detailed review has been given by Bothe ' 
2) 
and by Bethe and Ashkin ' . The theoretical principles have also 
3) been discussed in detail by Sauter ' . A'hen electrons of definite 
energy pass through a foil of matter, they are slowed down and 
finally brought to rest by the combined action of these two 
processes. The total energy loss per unit path length is given 
by the sum: 
r . 1 clE|i _ I J, dE-i^ ^ r 1 dEn^ /o 1^ 
>J Total -s Collison J rad. 
18 
2.2 ENERGY LOSS DUE TO COLLISIONS 
The interaction of the incident electrons with the atomic 
electrons in the foil is characterized by the fact that the 
energy transferred to the atoms per collision is very small. 
Even for high primary energies (5 to 10 MeV), excitation is 
more probable than ionization, and the resulting secondary 
electrons have a mean kinetic energy of only a few ev. The 
total energy loss after passage through a foil of thickness 'X' 
is therefore the result of a very large nuniber of small energy 
losses . 
4) Rohrlich and Carlson ' have given expressions of average 
energy loss due to collisions between positrons/electrons and 
the atomic electrons of the absorber. The well known Bethe -
Bloch formula ' for the average energy loss by collisions is 
derived for electrons under the assumption that above a certain 
fractional energy transfer E, , the atoiriic electrons can be 
regarded as free, so that Poller's Cross-section ' for the 
scattering of free electrons by free electrons at rest in Born 
approximation is applicable. 
For small energy transfers i.e. 0<E<E2» ^^ explicit 
summation over the various excitation probabilities of the atom 
must be carried out. The average collision loss per unit path 
length of electrons and positrons in a medium with N atoms per 
unit volume is:-
1 HP + 271 e^ NZ Jl ^ . + ^ 
J^ ^^ Collision A^Q^ P I^ ^ 
(2.2) 
: 1^ ^ 
Vi'here 
f~(Y) = 1 - p2 _ 22^1 In 2 + | ( ^ ^ ) for e l e c t r o n s (2 .3) 
and 
f ( Y ) = 2 In 2 - - ^ [23 + -. -^ + o + :T] 
12 ( Y + 1 ) ( y + i ) 2 (Y+1)3-^ 
for positrons ... (2.4) 
p 
e = Electronic charge, m^c = rest mass energy of an 
electron = 0.511 MeV. 
Z = Atomic number of the scatterer. 
P = Ratio of the particle velocity to the velocity of 
light in vacuum. 
T = Kinetic energy of the electron in units of its rest 
mass energy. 
I = Average ionization potential. 
Y = Total energy expressed in units of the rest mass 
energy of the electron. 
A = Atomic weight. 
^= Density of the medium. 
S = Density effect correction factor. 
The electron positron difference is collision loss is determined 
20 : 
by the function f (y)• These functions which depend only on 
the incident energy and are independent of the atoirdc number 
4) 
were plotted by authors ' as a function of the kinetic energy 
2 
T of the incident particle in units of m c . From these curves 
one observes that positrons lose energy more rapidly than 
electrons below about 345 KeV, but less rapidly above that 
energy. 
2.3 ENERGY LOSS DUE TO BREJvlSSTRAHLUNG 
In addition to the energy loss due to excitation and ioniz. 
tion processes, the energy loss also takes place due to the 
emission of bren.sstrahlung, which occurs when the electron is 
accelerated in the Coulomb field of the nucleus. A detailed 
7) discussion of bremsstrahlung process is given by Heitler and 
2) Bethe . i/i'hen an electron traverses a foil of thickness dx, 
the everage energy loss due to radiation is given by: 
-^ 5 H ^ = ^o^ 3 rad. ... (2.5) 
J °^ rad. ° 
where 
J rad. = I j[) K dOj^  ... (2.6) 
2 
where K is the energy of the emitted photon in units of m c , 
3 
NQ is the number of nuclei per cm and dOj^ , the differential 
O \ p 
form of the bremsstrahlung cross-section , and E = y iri c is 
the total energy of the incident electron. 
21 
For relatively small energies, E<<mQC , the loss is nearly 
independent of the kinetic energy of the electrons, for ener-
gies very much greater than m^c^, it is proportional to E. Due 
to the use of Born approximation, the Bethe-Heitler theory 
becomes less reliable as the kinetic energy of the electron 
decreases. A detailed and comprehensive formulation of bremss-
9) 
trahlung cross-sections have been reviewed by Koch and Motz 
2.4 EMPIRICAL RELATIONS OP TOTAL STOPPING PO..-ER OF 
ELECTRuNS AND POSITRONS; 
Sin.pie expressions corresponding to the total stopping 
power of electrons and positrons taking into account the energy 
loss both due to collisions and radiations has been given by 
Batra and Sehgal . For the energy T>^ 500 KeV the expression 
for total stopping power is:-
1 dEi± 
^-iw~ = ("^ 2 + c) • F-(Y) 
y "^ Total 
(2.7) 
where 
F'^(Y) 
F (Y) = 
2.4 
yl-9.1 
2.56 
Y 
(Y2-1) 
(T+m^c^) 
m^c 
(2.8) 
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whereas for energies lying within 0.5 MeV to 5.0 MeV it is 
given as:-
2 
t - i ( ^ ) r = (mZ + C) [ -f ^ + ] ... (2.9) 
S °^ Total (a-Z + b") 
Y -1 
Y-represents the total energy of positron and electron in units 
C, 
10) 
± ± 
of the rest mass energy of the electron, n, a and b are 
constants and their values have been tabulated" 
The approximate stopping power values ' as con.pared with 
the theoretical predictions ^ agree within 4-/.^ and they are 
very convenient to use. 
2.5 /viULTIPLE SCATTERING EFFECTS 
The range estimation from the transmission curves becomes 
complicated because of the statistical fluctuations of path 
lengths of electrons on account of the energy loss due to large 
number of small angle successive deflections. A number of 
12-14) 
review papers ' on small angle multiple scattering of fast 
charged particles are available giving the complete picture of 
the various theories developed from time to time with their 
merits and demerits. 
An exact expression for the scattering of fast electrons 
by a bare nucleus has been derived by Mott . The spin and 
the relativistic effects were taken care of by using the 
second order wave equation for Dirac electrons. Mott's''"^ ^ 
: 23 : 
formula is in the form of a series in Legendre polynomials and 
is valid when Ze /tiP<<l. An expression of this cross-section 
in powers of aZ (oc = 1/137) is equivalent to the solution in 
Born approximation. The resulting expression including only 
the first order term of the series in aZ is written as:-
a-(e,Y) = J (YOZ/P^Y)^ [1/Sin'^ (e/2)J x 
where 
[1-p^ Sin^ 0/2 - (aZ)up Sin 0/2(l-Sin 9/2)] 
(2.10) 
2 T+m^c^ 
Y = ^ , Y = 5- . P = v/c and m^ = Electron 
m^c^ m^c^ 
rest mass. The upper sign stands for positrons and lower for 
electrons. 
For heavy elements the power series in aZ converge too 
slowly, and one must resort to a numerical summation of the 
A'lOtt solution. This was done at various energies by Barlett 
and KVatson ^ for electrons and by Massey ' for positrons. 
The last term in equation(2.10) gives the difference between 
positron and electron scattering and is an important term for 
heavy nuclei. 
Williams ~ ^ formulated the multiple scattering theory 
assuming that the small angle multiple scattering will yield a 
Gaussian distribution. The projection of the angular distri-
bution of the scattering on a plane containing the incident beam 
24 
was also considered. The effects of the finite size of the 
nucleus and its shielding by orbital electrons were also taken 
into account. In order to derive the expression for the 
scattering cross-section he used the potential: 
V(r) = -^^— e"''''^  ... (2.11) 
r 
1/3 
where a = a^/Z ' and a = radius of the first Bohr orbit of 
the hydrogen atom. 
The expression for the scattering cross-section is given 
by: 
1 Yn^ 2 1 9 X 2 - 2 
^^®) =J ^-^—^ ^ ^1-P ) l-l+(2r4iir972) . .(2.12) 
^ PY Sin^9/2 ^^ ^^^ ^'^ 
The shielding thus little affects the scattering for 6>>6min 
where ^min*^ /^' ^^^ greatly reduces it for ©^ ©^mir^ * 
This of course is an immediate consequence of the use of 
Born approximation in which the scattering through an angle 0 
depends on the field at distances from the nucleus of the 
order of A /0. 
In order to incorporate the effect of the finite size of 
the nucleus Williams ~ ' used the potential: 
V(r) = (Ze2/r) (1 - e'^^^^). ... (2.13) 
where b represents the nuclear dimensions, and the scattering 
cross-section is given by: 
2b ; 
^(e) = - — - ! - ( l -P^) ( k ) Ll+(b Sin 0 / 2 / » 2 ] . . (2 .14 ) 
4m'^ v^  Sin^G/2 
It is seen that the nuclear size correction reduces the 
scattering, for 0 of the order of an^greater than ^/b, but the 
shielding reduces it for angles of the order and less than %/a, 
where a represents atomic dimen^ons. The corrections thus 
apply to regions which do not overlap. Hence a general solution 
for a(9) is of the form 
a(G) = - ^ ^ (l-p2) ( 1-_) [(1+ A2/4a2 Sin2Q/2)-^ 
4m'^ v^  Sin 0/2 
-(1+ >,^ (a"^  + 2b~^)2/4 Sin^0/2)"^] ... (2.15) 
A detailed evaluation of the effect of the finite size of the 
nucleus on the elastic scattering cross section has been reported 
by Elton^^^. 
21) Moliere ' reported a useful fit to the Thomson-Fermi func-
22) tion for heavy atoms. Bethe later on proved that multiple 
21) 
scattering of electrons ^ can be obtained from the exact theory 
23) 
of Goudsmit and Saunderson , by making some approximations. 
The problem of scattering through such angles for which Sin 0 
can not be replaced by 0 was also studied by these authors ^ . 
An approximate solution of the integro-differential diffu-
sion equation of the multiple scattering problem in an infinite 
: 26 : 
homogeneous medium without using small angle approxiiiiation was 
24) given by Lewis ' . 
The root mean square (r.m.s.) angle of multiple scattering 
has been obtained experimentally ' by measuring the tracks 
of scattered electrons and positrons by cloud chamber technique 
and nuclear emulsions. It was reported that experimental curve 
between r.m.s. angle of the normal part of multiple scattering 
distribution versus energy agrees well with the theory of 
Williams ' ' and with moliere's ' theory. 
For any systematic approach involved in the calculations 
regarding the penetration of electrons and positrons through 
matter, one needs to know the correct and convenient form of 
multiple scattering cross-section as input data. The experimen-
tal findings * ' indicate that for electron energies above one 
21) MeV the agreement with the Moliere's ' theory of multiple 
scattering is good, however below 1 MeV the comparison between 
various experiments and Moliere's theory on multiple scattering 
shows a disagreement which is more marked with decreasing 
energies. Also the experimental evidence for difference in 
multiple scattering of electrons and positrons is contradictory. 
For our calculations (Chapter IV), we shall be making use 
15) 
of Mott's '' scattering cross-section, modified to include the 
nuclear screening and inelastic scattering corrections. It also 
includes the relativistic and spin effects and clearly indicates 
the differences in the multiple scattering of electrons and 
: -7 : 
positrons. 
2.6 EFFECTS OF STaAGGLII^ 
In the case of a fast i.-oving particle passing through 
thickness of matter the average energy loss may differ conside-
rably from the actual amount lost in a particular case. The 
effect of straggling will be small only if the particle loses its 
energy in the form of a large number of small parts, which is 
true for heavy particles. 
An electron however may lose a large fraction of its energy 
in a single collision. After having traversed a sheet of matter 
the electron will have emitted only few quanta of large energy 
and the fluctuations of the energy loss will be very large. 
27) Bethe and Heitler have studied this straggling by neglec-
ting the collision loss. Eyges ' studied the straggling of 
electrons caused by loss of energy by radiation as well as by 
collisions, and discussed the straggling of electrons with energy 
near the critical energy. Where the critical energy is defined 
as energy loss per raaiation length. Straggling probability is 
found in the form of a series whose terms decrease rapidly for 
energies not too small and not too large thickness. 
The straggling function Ti(E,t) defined such that 7i;(E,t) dE 
is the probability that an electron has energy in the range E to 
E + dE at thickness t, satisfies the diffusion equation^ *^ ^ 
: 28 
^ ^ = - 4 u(E,t) - T ^ . ( i ! ^ , t ) ] x 
i(E,v) dv + P - m * - ^ . ... (2.16 
Where $(v) dv dt is the probability that in the thickness dt the 
electron emits a photon which has a fraction between v and v+dv 
of the electron energy. The first term on the right hand side of 
(2,16) describes the decrease in •n;(E,t) due to electrons initiall-
in the interval (E,dE) which leave it by radiation. The second 
term describes the increase in ^(Ejt) due to electrons of energy 
greater then E which enter the interval (E,dE) by radiation and 
the last term takes account of the collision loss. 
The main draw back of the treatment given by Eyges ' is 
that no proof of the convergence of series of straggling probabi-
lity is given. In fact for very small energies the terms increas-
and some higher order terms become infinite at zero energy. 
Theories relating to the straggling of ionization losses by 
electrons in thin absorbing foils have been successively improved 
30) 31) 32) 
by vi/illiams \ Landau ^ and Blunck and Leisegang . 
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CHAPTER - III 
EXPERIMENTAL TECHNIQUE AND MEASUREMENTS 
OF POSITRON AND ELECTRON PENETRATION 
IN DIFFERENT MATERIALS 
3.1 INTRODUCTION 
The absorption method is still widely used for determining 
electron energies of both monoenergetic electrons and p-rays 
from their range in aluminium. In the present measurements rela-
ted to electrons and positrons, the absorption method has been 
used. This method has the advantage of sim^plicity, speed and 
above all sensitivity. It gives results of fair accuracy in the 
low energy region. 
In the present measurements a new definition of the so called 
+ 
'straggling free practical' range, R~^ is proposed, which in-
eludes the contribution of straggling of electrons and positrons. 
This range has been measured for 6 particles with E - 0.25 
MeV (Ca'*^), 0.77 MeV (11^°"^), 1.53 MeV (Y*^ -^ ) and 1.71 MeV (P^^) 
in Carbon, Aluminium, Nickel, Copper, Yttrium, Zirconium, Silver, 
Cadmium, Indium, Neodymium, Holmium, Ytterbium, Gold and Lead 
absorbers. The transimission of p (positrons) of 1.88 IvieV has 
been studied through Carbon, Aluminium, Copper, Yttrium, Silver, 
Neodymium, Holmium, Ytterbium, Gold and Lead absorbers. The 
transmission measurements of p and p in rare earth metals like 
Y, Nd, Ho and Yb have been carried out for the first time and 
it is found out that they behave exactly similar to other ele-
mental materials studied at present. A new technique has been 
developed for the detection of the transmitted beam of positrons, 
which eliminates the problem of the gamma-ray back ground asso-
ciated with the beam of positrons. 
: 32 
The present experirrjental measurements have been con pared 
1-3) 
with the recent theoretical predictions of Batra and Sehgal ' . 
This coniparison points out the limitations of these theoretical 
1-3) 
calculations ' and an iR.provement has been suggested. The 
details of the iniproverr.ents have been discussed in Chapter V. 
On the basis of the present experimental results a sin,pie 
empirical relation between the straggling free practical range, 
R ^ , energy E and the atonac number Z has been form.ulated with 
the help of least square fit method. The mass absorption co-
efficients pj^ (e~) and lij^Ce"*") of electrons and positrons have been 
tabulated and a comparison of these coefficients is done at 
identical energies of electrons and positrons. This com.parison 
of mass absorption coefficients indicates a small but finite 
difference, im-plying greater transmission of positrons than 
electrons. 
3.2 RANGE DEFINITIONS 
If the fraction of the incident betas which pass through 
the given thicknesses of the absorber are plotted against those 
thicknesses an absorption curve is obtained. For high thicknesse; 
of the absorber the curve passes into the back-ground, which is 
due to cosmic rays and gamma rays when they are present. En-
couraged by the similarity of the shape of the transmission curve. 
4) 5) 
Schonland ' and Flanmersfield , defined the point at which the 
extension of the linear portion of the transnission curve meets 
33 : 
the back-ground as the practical range, whereas the point where 
the tail of the transndssion curve meets the back-ground is 
known as'the rnaximum range. The maxirrium range of electrons and 
positrons though a very useful quantity has not been explained 
theoretically, because of the complicated phenomenon of diffu-
sion which sets in at the end of the transn.ission curve. 
Varder ' defined the extrapolation of the linear portion 
of the transmission curve of the rr.onoenergetic electrons to the 
thickness axis as the 'practical maximum range'. Still some 
7) 8) ° 
other workers like Agu et al.^, Ebert et al. ' and Tabata et al.' 
gave a similar definition of range as Varder 'and they called it 
'extrapolated range' R , which is defined as the point where 
the tangent at the steepest point on the aln.ost straight des-
cending portion of the transn.ission curve meets the thickness 
axis. 
4 5) 6) 
The practical range * , the practical maxin.um range ^ and 
7 9") 
the extrapolated range ' •', as defined above, though useful 
experimental quantities, include the straggling effects and 
hence can not be compared with the theoretical straggling free 
ranges. Theoretically, range of electrons is defined ^ as the 
limiting thickness of the absorber beyond which essentially none 
of the originally incident electrons enierge. Such a thickness 
does not exist practically, because of the straggling effects. 
Therefore, even when the theories concerning the slowing down 
11) 12 n ) 
process ' and multiple scattering ' ^ are available, it is 
not p o s s i o l e to coinpare tho exf)crir:;on to 1 rue-cKJureirents, .is c'e-
f i n e c above , v/ith tho " t h e o r e t i c a l r a n g e s . 
A nc-v; ' . 'o f in i t ion of the so '-.illeci ' s ,-'•'-rjlin'^ frou ; •_" .c':iC'; 
r.-".]K;o' R " ^ , of e l e c t r o n s and p o s i t r o n s i s pro-iosoc'. I t i s 
' ' S i p 
de f inec as the po in t whore the e x t r a p o l a t i o n of tb.e J i n e a r ;-'0rti 
of tl'ie transi ' i . ission curve meets the s t r a n g l i n g p o r t i o n of the 
c u r v e , vvlien i t i s e x t r a p o l a t e d in th« bac'avard o i r e c t i o n . The 
range R r- along with o the r ranges as exp l a ined a'')Ov<j :.IL' s'riown 
5 T •-> 7 Q) in Fig. 3.1. Th.e extrapolated range , R^ s/» can not be shov/n 
on t;;o so;,.: log gr-ioh anc; hence it is not shown in hi^. "^. 1. It 
has been experimentally verified th.at the range R^ ^^  i' nc': sen-
sitive to tile strength of the source usedo liov.ever, range R as 
' - ex 
defined in reference 7, 8 and 9 is very riiuch sensitive to the 
strength of thiO source and also to thie percenta'^e of transrr.issir 
reached c 
For absorbers of light and n.ediun. atoinic nuir.bers the tail 
of the transiiiission curve which correspond.s rrios tly to straogling 
can be aporoxir.ately represented by a strc^ igh.t lirvj and therefor--
the error involved in its extra.polation in the backwarti direc-
tion is negligibly small. For absorbers of high atomic number, 
the so called straggling part of the transriscion curve can not 
be exactly approximated by a straight line anci SOL.L subjective 
error is possibly introduced while extrapolating it in the back-
ward direction to find Rg^p* In the present measurer; ents this 
error has been found to bo of the order of 2y. for the case of 
Gold and Lea6. 
COUNTING RATE 
5. 
3.3 GEOkETHY Cui^SIDEHATION Ut THAKSklSSION METHOD hOH 
f..EASURB..ENT OF HANGES 01- ELECTrtuNS AND POSITRONS 
Aiostly in the experiments relating to the transmission of 
electrons and positrons the standard transmission iDcthod is used, 
in which absorbing foils are interposed in between the detector 
and the source. Different workers ~ ' " •' have cnoosen 
different positions of the absorbing foils with respect to the 
detector. Each of these different positions of the absorber 
corresponcs to a different geometry of the detecting system. 
Apart fror, the ir..portance of identical georr.etries in vano' s 
Hieasurements, it is also very essential to know as to wnich is 
the n.ost suitable geometry, i.e. the position of the absorbing 
foils with respect to the detector, so that a meaningful compa-
rison of the measured values of the ranges can be n.aae 'with the 
1-3) 
available theoretical values ^ . 
The absorption of electrons and positrons rrieans their 
removal from the incident beami due to multiple scattering or 
sometimes single scattering in the coulomb field of nuclei of 
the scatterer. lA/hen the absorber is held immediately above the 
detector and the electrons or positrons are incident perpenai-
cularly on it, only those particles shall be absorbed i.e. 
removed from the incident beam, which get scattereo through an 
angle ^ii/2. v^Tiereas when the detector is far away from the 
scattering foils, the electron will be removed from the beam 
even when the average angle of scattering is -^11/2. Thus the 
-ib 
probability of an incident particle being removed is smaller 
for the case when the scatterer is very near to the v.etector 
than the case when the foil is kept away from the detector. 
1-3) Batra and Sehgal did some calculations for practical 
ranges of electrons and positrons taking into account the rr.ulti-
ple scattering effects, wnich is iniportant near the end of the 
17) 
electron's range. They used vVilson's ' approach which is based 
on the approximation that the electrons proceed in the original 
direction till their energy is reduced to such a value for which 
the n.ean square projected angle becon:es so large that electrons 
thereafter start diffusing randon.ly. The situation of the 
diffusion of the electrons by multiple scattering was visualized 
using the definition of transport mean free path, i.e. '^ he 
average distance a particle travels before being scattered 
1-3) through an angle 7^i/2. In the light of these calculations , 
a suitable geometry of the detecting system is the one in v/hich 
the foils are placed as near to the detector as possible, hor 
relative transmission measurements of positrons and electrons 
to be meaningful, it is necessary that the experiments be 
performed under identical geometries. 
The exf.erimental veriiication of the effect of absorber 
position with respect to the detector on the range of electrons 
has been studied using the absorption n.ethod. It consists of 
an electron sourc^ -' plfjced at tiie centre of an avacuaied brass 
metallic sphere with a thin mica window ana a scintillation 
detector. The experimental arrangeir.ent ii^  stiOivn in Fia. 3.2. 
p-particles with end point energies of 1.71 /-..eV and 0.77 ,V:eV 
were used for recording the transmission in Alurniniuni absorber, 
corresponding to various positions of the absorber placed 
between the fixed positions of the source and the detector. The 
results of range measurements fron. these transndss ion curves are 
shown in table 3.1. 
TABLE - 3.1 
_2 
Distance of the ,-, • -2 Range in mg cm 
u^^ u JT j-u Hange in mg cm - j.d r- o -7-7 
absorber from the • j.c r- 1-71 with E ^ =0.77 
. . , . with E =1.71 ,, ,, nniax detector m cms ., ,, n>nax MeV 
i/ieV 
1 814 + 24 296 1 8 
2 796 ± 23 278 ± 8 
3 785 + 23 272 1 8 
4 775 ± 23 264 1 8 
5 746 ± 22 254 ± 7 
Table 3.1 shov>'s that the value of the range in an absorber 
goes on increasing as the detector conies nearer to the absorber 
foil, and has a maxinium value when the foil is placed just 
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above the detector. Tl'ie difference in ranqe for tvo extreme 
positions is of the order of 14/. which is beyond tlie limits of 
experimental uncertainties. These results are aiite consis-
tance with the qualitdiive interpretations given above. 
3.4 EXPEKl.-.'ENTA^  ...ETlv^ L AND A.EASURE;..HNTS .^ ITh PUSITK^KS 
The earlier work on positron transmission was done by 
Seliger ^ and Gubernator ' . They used 90 nid^neiic analy-
zers to elininate the gamma-ray back-ground fromi the raciioactive 
source. But no care Aas taken of the additional qami a-rays 
which are created by annihilation of positrons in the slit, 
walls, and the absorber itself. Hence there is a strong possi-
bility that some gamira-rays always reach the detector inspite 
of direct shielding. Secondly the absorber in front of the 
detector in the presence of a ganima-ray acts as a radiator and 
this back-ground depends on the thickness of the absorber used 
and its atomic nun^ber. Therefore along with the positrons there 
may be some knock-on electrons going to the detector. 
In the present experiments the positron transmission was 
18-20) 
measured very precisely using a slow-fast coincidence circi:it 
This arrangement helps to eliminate the gamma-ray back-ground 
associated with the emission of positrons. Using his mannetic 
14) 
analyzer, Seliger ' could detect the transmission intensity 
as low as 35/ in the case of Pb absorber and positron energy of 
960 KeV. For the same absorber the present lower liiiii L of 
q^ 
transi ission intensity is of the order of 2y.. 
The positron source Ge-Ga is placed ai the centre of an 
evacuated brass sphere with a rr-ica window (Pig. 3.3) of 4 mn 
(iiameter and thickness = 0.U006 inches. The brass sphere was 
shielded with a hen.i-spherical well shaped enclosure. The 
-5 
pressure inside the brass-sphere v;as 10 Torr. The absorber in 
which the penetration of positrons is to be studied is placed 
below the window of the brass-sphere. The transiritted beam of 
positrons is then allowed to fall on an Alur..iniurr, block, where 
tney anniriildte giving rise to photons, each of 511 KeV. These 
photons are emitted at an annle of 180 to each, other and they 
are detected by a pair of scintillation crystals, [K'al (Tl)], 
which are placed under a narrow geometry with three inches of 
Lead shielding. Tne pulses from two scintillation counters are 
ridxed in a coincidence unit to give a coincidence count. The 
rate of chance coincidence is very lovy. 
Annihilation i.^ aterial 
The thickness of the Aluminium block used for annihilation 
of positrons was varied slov>?ly, starting from a very small thick-
ness, till the count rate becomes niaxiitum. Similar experiments 
were done with Copper, Kickel and .t'ater as annihilation materials 
The water was contained in a liquid cell ir.aae u'ith plexiglass. 
The empty container in the path of the beam corresponds to zero 
water thickness. 
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The absorption of positrons in Al and Cu have been com-
pared as shown in Fig. 3.4(i),The absorption curves for Ki and 
H2O are given in Fig.3*4(ii^  showing the logarithim of the 
observed annihilation rate Nx. as a function of absorber 
_2 
thickness in mg cm . The thickness of the Aluii.inium block 
(4 mm) was adjusted to give the maximum number of counts Fig.3.4(iii) 
3 . 5 EXPERIIMENTAL SET-UP AND fv.ETHOD FOR ELECTRONS 
The experimental arrangement for electrons is shov;n in 
Fig. 3.2. The electron source was mounted at the centre of the 
same hollow brass sphere as was used for positrons. The detec-
tor consists of an anthracene crystal mounted on a photo-
multiplier tube. The light pulses are fed to a linear amplifier 
through a cathode follower, and finally counted with the help 
of a scaler. The absorber through which the transmission is -
to be studied is placed in between the source and the detector. 
By using an anthracene crystal as a detector the dead time 
correction is reduced to almost zero value, whereas when window 
counters and ionization chambers are used, there will alv/ays be 
some dead tLne and recombination losses respectively. The 
minimum detectable energy in the anthracene crystal is approxi-
mately 5 KeV. The beta-sources used are carrier free wnich 
makes the measurements free of self absorption problems. 
3 . 6 EXPERlfv'.ENTAL RESULTS AND DISCUSSION 
(a) The percentage transn.ission of the beam intensity as a 
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-2 function of the absorber thickness in mg cm for sone of the 
elemental materials is plotted in Fiqs. 3.5 - 3.10. The plots 
for other materials follow a similar trend, hence they are not 
shown. On a semilogarithndc graph these plots are linear. The 
experimental results on the transuission of positrons ano elec-
trons through sorne of the rare earth m.etals are shown in Pigs. 
3.11 - 3.14. The rest of the plots for rare earth metals also 
follow the similar trend. 
The values of R ^ for different absorbers are tabulated in 
table 3.2. The expeririiental uncertainties in the values of K ^  , 
which are of the order of 2 to 4-/. are also shown in table 3.2. 
The values of R^ -r of electrons with E_^„ = 0.25 MeV were not 
sip miax 
investigated for higher atomic numbers like Gold and Lead due to 
the non-availability of thin foils of these materials. The 
values of R ^ for rare earth metals, i.e. Y, Nd, Ho and Yb are 
sfp 
also shown in table 3,2 and they reveal similar trends as the 
other elemental materials. 
(b) Empirical x-telation for R^, 
' ^ sfp 
In nuclear spectroscopy work the energy region of interest 
is upto 3 MeV or so. There is no sin;ple relation between range, 
energy and the atomic number in this region of energy. Hence it 
was thought worthwhile to find some simple empirical relation 
between these three parameters in this energy region. Un the 
basis of the present measurements for the straggling free 
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practical ranges in different absorbers, an empirical relation 
of the following form is determined: 
R~-^(E,Z) = A + BZ + (a + PZ) E ... (3.1) 
-2 
where R r- is in units of mg cm 
E = The incident kinetic energy of the electron in MeV. 
Z = Atomic number of the absorber. 
The constants A, B, a and |:l have the following values: 
-9 -2 
A = -77.03 mg cm , B = 0.1290 mg cm , 
-9 -2 
a = 516.30 mg cm MeV and p = -1.672 mg cm MeV. 
The experimental data was subjected to the least squares 
fit method to determine the constants, A, B, a and p. The 
empirical values of R ^ differ from the experimental values by 
about A'A and this discrepancy is of the same order as the error 
in the experimental values, table 3.2. The comparison of the 
empirical values and the experimental values at different 
energies is shown in table 3.3. 
(c) Comparison of Experimental Values with the Theory: 
1-3) The calculations made by Batra and Sehgal ' regarding the 
practical ranges, R , in matter, the basis of which has been 
discussed in Chapter I, are tabulated in table 3.4 and plotted 
in Figs. 3.15 - 3.18 along with the present experimental values 
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TAriLE - 3.2 
The values of the range R ^ at different energies and in different 
absorbers, as measured in the present experiments. 
Elements 
Carbon 
Aluminium 
Nickel 
Copper 
Yttrium 
Zirconium 
Silver 
Cadmium 
Indium 
Neodymium 
holmium 
Ytterbium 
Gold 
Lead 
Atomic 
No. Z 
6 
13 
28 
29 
39 
40 
47 
48 
49 
60 
67 
70 
79 
82 
1.71 MeV 
826 
814 
722 
720 
708 
707 
705 
701 
697 
664 
652 
636 
606 
590 
+ 
-r 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
17 
16 
15 
14 
14 
14 
14 
14 
13 
13 
14 
23 
22 
24 
riange R^^p 
1.53 MeV 
706 
688 
624 
622 
596 
594 
580 
576 
574 
553 
536 
526 
514 
510 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
14 
13 
13 
13 
12 
12 
11 
11 
11 
11 
20 
21 
20 
22 
in mg cm' 
0.77 n 
306 
296 
286 
285 
268 
267 
264 
263 
257 
254 
242 
241 
235 
231 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
/leV 
6 
6 
6 
6 
6 
6 
8 
8 
8 
8 
8 
8 
8 
8 
0.2^ 
52 
50 
45 
44 
41 
41 
40 
38 
35 
33 
32 
30 
) MeV 
1 2 
± 2 
_r 2 
+ 2 
1 2 
+ 2 
+ 2 
+ 1 
+ 1 
+ 1 
+ 1 
± 1 
44 : 
TABLE - 3.3 
Comparison of experimental values of R f with the empirical 
values, calculated with the help of relation (3.1). 
Atomic 
No. Z 
6 
13 
28 
29 
39 
40 
47 
48 
49 
60 
67 
70 
79 
82 
E = 1.71 
Experi-
mental 
826 
814 
722 
720 
708 
707 
705 
701 
697 
664 
652 
636 
606 
590 
MeV Rjfp in 
Empiri-
cal 
790 
770 
729 
727 
699 
697 
678 
675 
672 
642 
623 
615 
590 
582 
-2 
mg cm 
Diff. 
+4.4 
+4c2 
-1.0 
-1.0 
+lo3 
+1.4 
+3.8 
+3.7 
+3o6 
+3o3 
+4.4 
+3.3 
+2.6 
+1.4 
E = 1.53 
Experi-
mental 
706 
688 
624 
622 
596 
594 
580 
576 
574 
552 
536 
526 
514 
510 
MeV R;fp in 
Empiri-
cal 
698 
681 
645 
643 
618 
616 
599 
596 
594 
567 
550 
543 
521 
513 
-2 
mg cm 
•A 
Diff. 
+1.1 
+ 1.0 
-3.4 
-3.4 
-3.7 
-3.7 
-3.2 
-3.5 
-3.5 
-2.7 
-2.6 
-3.2 
-1.4 
-0.6 
Contd, 
45 : 
Contd (Tab le - 3.3) 
Atomic 
No. 2 
6 
13 
28 
29 
39 
40 
47 
48 
49 
60 
67 
70 
79 
82 
E = 0.77 
Experi-
mental 
306 
296 
286 
285 
268 
267 
264 
263 
257 
254 
242 
241 
235 
231 
MeV R;^P in 
Empiri-
cal 
313 
305 
288 
287 
275 
274 
266 
265 
264 
251 
243 
240 
238 
226 
mg cm 
'A 
Diff. 
-2.3 
-3.0 
-0c7 
-0.7 
-2.6 
-2.6 
-0.8 
-0.7 
-2.7 
+1.2 
-0.4 
+0.4 
-1.2 
+2.2 
E = 0.25 
Experi-
mental 
52 
50 
45 
44 
41 
41 
40 
40 
38 
38 
35 
32 
-
-
'VieV R^ ^^  in 
SI p 
En.piri-
cal 
50 
48 
44 
44 
42 
40 
39 
40 
39 
37 
36 
34 
-
— 
mg cm 
'A 
Diff. 
+3.8 
+4.0 
+2.2 
0.0 
-2.4 
+2.4 
+2.5 
0.0 
-2.6 
+2.6 
-2.9 
-6.2 
-
— 
: 4 7 
TABLE - 3.4 
Con.parison of experin.ental values of R j, and theoretical 
' ^ sip 
values of R at different energies, in units ir,g cm 
1-3) 
jviaterial 
Carbon 
Alumi ni um 
Nickel 
Copper 
Yttrium 
Zirconium 
Silver 
Cadmium 
Indium 
Neodymium 
Holmium 
Ytterbium 
Gold 
Lead 
R . 
sip 
826 
814 
722 
720 
708 
707 
705 
701 
697 
664 
652 
636 
606 
590 
1.71 MeV 
% 
1028 
797 
619 
611 
555 
550 
521 
518 
514 
481 
464 
457 
439 
434 
•A 
Diff. 
-24.4 
+02.1 
+14.3 
+15.1 
+21.6 
+22.2 
+26.1 
+26.1 
+26.2 
+27.5 
+28.8 
+28.1 
+27.5 
+26.4 
'"^ sfp 
706 
688 
624 
622 
596 
594 
580 
576 
574 
552 
536 
526 
514 
510 
1.53 I.;eV 
R~ 
P 
903 
699 
543 
537 
487 
483 
458 
454 
451 
422 
407 
401 
386 
381 
'A 
Diff. 
-27.9 
-01.6 
+ 12.9 
+ 13.7 
+ 18.3 
+ 18.5 
+21.1 
+21.7 
+21.4 
+23.6 
+24.1 
+23.8 
+25.0 
+25.3 
Contd. 
Contd ( T a b l e - 3 . 4 ) 
: 48 : 
iV;eter ia l 
Carbon 
Alurrdnium 
N i c k e l 
Copper 
Y t t r i u m 
Z i r c o n i u m 
S i l v e r 
Cadmium 
Indium 
Kieodymium 
Holmium 
Y t t e r b i u m 
Gold 
Lead 
^ s f p 
306 
296 
286 
285 
268 
267 
264 
263 
257 
254 
242 
241 
235 
231 
0 .77 i/ieV 
% 
383 
297 
230 
228 
206 
205 
194 
193 
192 
179 
173 
170 
163 
161 
•A 
D i f f . 
- 2 5 . 1 
- 0 0 . 3 
+ 1 9 . 5 
+ 2 0 . 0 
+ 2 3 . 1 
+ 2 3 . 2 
+ 2 6 . 5 
+ 2 6 . 6 
+ 2 5 . 3 
+ 2 9 . 5 
+ 2 8 . 5 
+ 2 9 . 0 
+ 3 0 . 6 
+ 3 0 . 2 
'%fp 
52 
50 
45 
44 
41 
41 
40 
38 
38 
35 
33 
32 
-
— 
0 .25 j.ieV 
^^ P 
65 
60 
47 
46 
43 
40 
39 
26 
24 
25 
22 
23 
-
-
•A 
D i f f . 
- 2 5 . 0 
- 2 0 . 0 
- 0 4 . 4 
- 0 4 . 5 
- 0 4 . 8 
+02 .4 
+ 0 2 . 5 
+31 .5 
+ 3 6 . 4 
+ 2 8 . 6 
+ 33o3 
^ 2 8 . 1 
-
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2 3 
order terms like (aZ) and (aZ) may be appreciable. In 
Chapter V theoretical calculations for the stragglinq free 
ranges have been carried out. The effect of higher order terms 
12) 
in the iaott expression has also been investigated and dis-
cussed in Chapter V. 
3.7 ABSORPTIuN COEFFICIENTS AKTD R^^ TO R^^ RATIO 
The absorption coefficients in different materials have 
been calculated fron. the experimental transn.ission curves for 
electrons at different energies. Table 3.5 shows the riass 
absorption coefficients t^jjj(e~) for C, Al, Ni, Cu, Zr, Ag, Cd, 
In, Au and Pb. In table 3,6 the values of j^j,(e~) ior some rare 
earth metals are shown. It is observed that the qualitative 
as well as quantitative trend for absorption coefficients in 
rare earth metals is the same as for other materials in 
table 3.5. The experimental error in the absorption coeffici-
ents is the same as in R^ ,, , i.e. about 4-/.. 
sf p' ^ 
Earlier workers "^  ^ had measured the mass absorption 
coefficients for positrons and electrons and their results are 
at variance. The comparison of absorption coefficients of 
21-23) 
positrons and electrons by these worker was done for non-
identical end point energies of positrons and electrons. For 
21) 
example Patrick and Rupaal ^ used 0.324 MeV positrons and 
0.312 MeV electrons to compare the absorption coefficients. 
14) Seliger studied the transmission of monoenergetic positrons 
50 
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TABLE - 3.6 
Experimentally deternined mass absorption coefficients, 
!ijjj(e~) of electrons at different energies in units gm 
cm^ in some rare earth elements. 
Energy 
(1/ieV) 
Absorpt ion c o e f f i c i e n t s , iijy,(e ) in 
Yt t r ium Neodyniium Holmium Ytterbium 
0.25 187.51 197.03 198.31 199.04 
0.77 36.25 38.15 39 .75 39.79 
1.53 12.92 14 .90 15o00 15.93 
1.71 12.72 14 .10 14 .41 14c52 
52 : 
and electrons showing lesser penetration for positrons in low-Z 
and higher penetration in high-Z elements. 
For a meaningful comparison of the absorption coefficients 
of positrons and electrons the values of E used should be 
equal. Une needs a pair of radionuclides emitting either posi-
trons or electrons of equal E„^^. Such a pair of sources of 
iTia X 
positrons and electrons can not be obtained. Hence it was 
thought to use the data on fi (e~) given in tables 3.5 and 3.6 
at energies 0.25 MeV, 0.77 MeV, 1.53 MeV and 1.71 MeV. The 
values of mass absorption coefficients v.hen plotted against 
energy (E ) on a log-log graph for eacn element, represent a 
set of parallel lines. Tne values of mass absorption coeffi-
cients u (e~) for electrons of E^_^ = 1.8S MeV have been obtainec 
in ITia X 
for C, Al, Cu, Y, Ag, No, Ho, Yb, Au and Pb from these lines by 
the extrapolation method. These values have been compared with 
the mass absorption coefficients „^(e''') of 1.88 MeV positrons 
and shown in tables 3.7 and 3.8. The absorption coefficient 
for electrons is greater than that for positrons for each ele-
ment, showing greater absorption of electrons than positrons. 
The range R^ r^ and R ^  for positrons and electrons at energy 
^ sf p sf p '^  ^' 
E„,„ = 1.88 MeV and the ratio R^ ^ /RT^ is shown in table 3.9. mdx sip sip 
The ratio of the range Rgfn °^ positrons to the range R~^ of 
electrons is always greater than one. 
14) Seliger had observed lesser penetration for positrons 
in low-Z materials, however, th.e present investigation shows 
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greater transmission of positrons than of electrons, even in 
low-Z materials. 
Differences in scattering of positrons and electrons have 
24) been theoretically investigated by Hohrlich and Carlson 
Using correct values of elastic and inelastic scattering cross-
24) 
sections, tney calculated the energy loss and multiple 
scattering of positrons and electrons in Aluminium and Lead. 
At very low energies the energy loss of positrons is faster 
than electrons and for low-Z the multiple scattering of elec-
trons is only slightly greater than ^hat of posicrons. There-
fore at VGiy lo'/v energies and low-Z the trans- is si on of positrons 
is to be lower than that of electrons. At higher-Z the excess 
multiple scattering of electrons over positrons overshadows the 
small energy loss differences. Therefore at energies of the 
order of the present values used, even for materials of low-Z, 
positrons should be transmitted to a greater extent than elec-
trons. This is v;hat actually is found in the present experiments 
for C, Al, Cu, Ag, Au and Pb and a number of rare earth metals 
where positrons are transmitted to a greater extent than 
electrons under similar geometrical conditions. 
The dependence of the absorption coefficients ji (e"*") and 
H^(e~) at energy E^ ^^ ^^  = 1.88 MeV, as a function of atomic 
number-Z of the absorber is shown in Fig. 3.19. It shows that 
as Z increases the absorption increases. It may go through a 
maximum, which needs to be looked into. The mass absorption 
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.urn 
coefficients, plotted as a function of energy on log-log scale 
for some elements are sh.own in Fig. 3.20 for conparison. 
The process of positron annihilation during flight may 
effect the experimental transmission curves to some extent. 
25-2 7") Several workers ' have reported that positronium formation 
is not possible in metals. However,- positronium formation is 
possible in gaseous media, but the energy re ion for such a 
posssibility is around 10-20 eV. In the absence of positronii 
formation at energies 10-20 eV, what more distance the positrons 
coulc have traversed before coming to rest? This distance will 
not be more than a few micro gm. Thus the positronium formation 
does not have significant effect on the estimation of R -r_ of 
positrons from transmission curves. 
It can be concluded that the results of the present inves-
tigations confirm that there is a difference between the trans-
mission behaviour of positrons and electrons of the same initial 
energy and indicate that the differences observed by earlier 
21-23) 
workers ' were not entirely due to the differences in their 
initial energies. The agreement of these investigations with 
theory ~ '^  also becomes good v;l.en the theory ~ ' is improved by 
adding the straggling effect on the range. This part has been 
discussed in Chapter V. 
1000 F 
100 r 
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en 
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Fig. 3o20 Mass absorption coefficient of 
beta particles in Al, Ag and Pb 
vs Energy Ej^ .^^  (MeV) as compared 
with ref. 28. 
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CHAPTER - IV 
THEORETICAL METHOD TO BUILD UP TRANSMISSION 
CURVES OF POSITRONS AND ELECTRONS 
4.1 INTRODUCTION 
It is impossible to build up the transhission curves and 
thus to get any useful information about the absorption coeffi-
cients etc., of positrons and electrons, on the basis of various 
theoretical developments \ ciiscussed in Chapter I. The 
relative differences in the transmission characteristics of 
positrons ano electrons of same initial energies can not be 
no t: 
1-6) 
accessed with the help of these theories ~ , because rans-
mission curves can be produced from these calculations' 
In order to get useful information about the ranges and 
absorption coefficients of these particles, their transmission 
curves in a large number of elemental materials, 6<Z>^ 82, includ-
ing a number of rare earth metals like Yttriun , Neodym.ium, 
7) Holmium and Ytterbium, has been produced theoretically •^  . The 
physical properties of rare earth metals have been a subject of 
8-9) 
many recent investigations ''. The study of the penetration 
of positrons and electrons through rare earth n.etals has received 
very little attention both experimentally and theoretically. 
It is interesting to reveal if any anomalies existed in the 
behaviour of rare earth metals from the rest of the elemental 
materials o 
The present semi- theore t ica l approach is the f i r s t such 
attempt to reproduce the transmission curves of posi t rons and 
e lec t rons almost in the same way as the experimental transmission 
curves . In this method the absorber i s considered to cons is t 
60 : 
of a la rge number of extremely thin s l i c e s and Mott 's 
quantum mechanical expression for the s c a t t e r i n g cross sect ion 
has been used for computing the s c a t t e r e d flux at each i n d i v i -
12) 
dual slice of the absorber. Nuclear screening ' and inelastic 
13) 
scattering corrections ' iiave also been taken into account m 
the Mott's-"-^ "•'•"'"^  formula. 
For computing the transmission of electrons and positrons 
through a slice, the number of particles scattered through an 
angle ^90° have been considered to be ren.oved from the incident 
beam for the successive slice. Also the energy loss of these 
particles at each slice has been taken into account. The 
agreement of these calculations v;ith experimental values of 
ranges and absorption coefficients is satisfactory when the 
single scattering formula ' used for these calculations is 
multiplied by an empirically determined correction factor. The 
energy dependence and Z-dependence of this correction factor 
has been evaluated. 
4.2 THE iViETHuD wP CALCULATIONS 
The electrons or positrons of the same initial energy are 
incident normally on the plane surface of an absorber. The 
absorber has been considered to consist of a large number of 
thin slices. The scattering, both elastic as well as inelastic 
of these particles occurs in each slice of the absorber. In 
order to con.pute the transmission of incident particles through 
61 
a slice, the number of particles scattered through an angle >90 
are considered to be removed from the incident beam for the 
successive slice. The energy loss in each slice is conputed 
4) 
using the total stopping power expression . For energies ly-
ina within 0.5 j.leV to 5cO A.eV the following relation was used: 
[- ^ (^f)]'' = (raz + C) _ ^ — 1 _ _ , 
^ ^^ Total ^(aiz + b-)_^ 
(4.1) 
where the upper +ve sign stands for positrons and lower -ve sign 
for electrons, y represents the total energy of e or e in 
+ + 
units of the rest mass of electrono The constants a~ and b are 
as follows:-
a = -0.0038, b = 1.8402 
a = -0.0040, 1.8160 
The constants m and C for different Z values are given in 
table 4.1. 
TABLE - 4.1 
Atomic No.Z 
m C 
(/.leV cm g ) (A.eV cm g ) 
lx<Z>^ 10 
10^ Zx<36 
36,^ Z<:92 
-0.0330 
-0.0097 
-0.0048 
1.3230 
lc0911 
0.9156 
6^  
For energies less than U.5 JvieV the following relation 
for the total stopping power can be used. 
4) 
^ P dx-" Total 
= (inZ + C) . F-(Y) 
2.4 
where for positrons F (y) = — T O 
and for electrons F (y) = 
2.56 
Y^-l 
(4.2) 
(4.3) 
The incident energy on the next slice will be the incioont 
energy on the proceeding slice, less the energy loss in that 
particular slice. Thus as the number of slices increases, the 
percentage transmission goes on falling. If the percentage 
transmission is plotted as a function of number of slices i.e. 
the absorber thickness, a transmission curve is constructed 
similar to the one obtained experimentally. 
The following mott's ^ expression for scattering cross 
12) 
section, moaified to include the nuclear screening ' and in-
13) 
elastic scattering corrections ^ is used: 
da = NuZ (Z+l)(e2/m c^)^ iZ+il (l-p2/p4) sin~^(0/2) 
Sin(e/2) Cos(9/2) [l-p^ Sin^(9/2) ± nap 
(1 - Sin 0/2) Sin Q/2] d9 ... (4.4) 
Where: The upper sign stands for electrons and lower for 
63 
posi t rons. 
9 
N = Tota l number of atorris/cm . 
e = E l e c t r o n i c c h a r g e . 
Z = Atomic number of the a b s o r b e r , 
a = Z /137 . 
P = ( Y ^ - I ) / Y ^ -
vVhere y i s q iven in terms of the i n c i d e n t k inec i c energy T by: 
(T + m^c^) 
^ " ^2 
m c o 
2 
and m c = Rest energy of the electron. 
12) In expression (4.4; the term Z(Z+1) replaces the term 
Z in the original Mott ~ ^ formula, and is a satisfactory 
approximation to account for the screening of the nucleus by 
the orbital electrons. Also another term (Z+l)/Z in this 
13) 
expression (4.4) accounts for the inelastic deflections '. 
In order to compute the transmission curve by using ex-
pression (4.4), all the incident particles scattered through an 
angle ;^ 90° have been considered to be removed or absorbed from 
the incident beam while traversing an individual slice of the 
absorber. The thickness of each slice is taken to be extremely 
small. Just for instance for particles of incident energy 0.77 
: 64 
MeV, the thickness of each slice for Al and Pb is taken to be 
22 X 10~ X ? qm cm and 11 x 10~ x i" gm cm" respectively. 
Vi/here J> is the density of the material. It is convenient to 
use more and more thin slices for energies of particles much 
smaller than above mentioned energy. For instance at energy 
0.25 i.ieV v.'e used tnickness of the slices to be ten times less 
than the one used for 0.77 MeV. The choice of the thickness of 
the slice though arbitrary, even with this approximation the 
computed transmission curves agree well v.ith the experim.ental 
results. 
The fraction of the incioent particles scattered at an 
angle ^90° or considered to be remioved from the incident beam is 
given by: 
Fraction of the scattered n n 
or removed beam flux = / do/ / d a ... (^ .5) 
In the Mott's ~ ^ expression used in (Eq. 4.4) the factor 
P = (Y -1)/T goes on changing at each subsequent slice. For 
computing the value of p at each subsequent slice tlie energy loss 
of the particles in each slice is computed by using the expre-
ssion ^ for total stopping power (2qs. 4.1 and 4.2) for differ-
ent values of Z. For the first slice the total incident energy 
of the incident particles in ternis of rest mass energy is given 
2 2 by Y =(T + m^c )/m^ c , and for the subsequent slice the incident 
energy will be equal to the incident energy of the preceding 
slice, less the loss of energy in it. 
: 65 : 
Thus by incorporating the energy loss at each slice the 
fraction of the transmitted particles at each slice (thickness) 
can be computed and hence the transmission curve can be built. 
4.3 CORRECTION FACTOR IN THE SCATTErtlNG CROSS-SECTION 
EXPRESSION 
The Mott expression (Eq. 4.4) used for computing the 
scattered fraction of the incident flux is based on the assump-
tion that all the particles which are scattered through an 
angle ^90° are removed fromi the incident beam. However, in 
actual situation the particles scattered at an angle :^ 90 may 
still remain in the incident beam due to back scattering of 
these particles. Also we are considering the scattering as well 
as the energy loss process by dividing the absorber into extreme-
ly small segments, i.e. the individual slices. In practice the 
scattering as well as the energy loss takes place in the bulk 
of the absorbing material. This introduces an error in the 
computation of the scattered or removed particle flux. Yet 
another error may arise from the fact that under the approxima-
tion that slice is so extremely thin to give rise to only single 
scattering events. The possibility of multiple scattering 
however can not be ruled out. 
In order to account for the above mentioned errors an 
empirically determined correction factor has been introduced in 
the Mott "* ^ expression (Eq. 4.4). This correction factor is 
of the form: 
: 66 
A[1 - a + be"^ '^ ] .•• (4.6) 
where A = Atomic weight of the absorber. The constant a is 
energy dependent and is given by the expression: 
a = (0.986 - 0.001586 E) ... (4.7) 
where E = Initial incident energy of the particle in J^ieV. The 
constants b and c for different values of Z and different values 
of E are tabulated in table 4.2. 
TABLE - 4.2 
Atomic No. Z Energy E MeV 
6>^ Zv^ 20 0.25<E<:0c5 4.446 Ocl843 
0.05^ E<:5.0 4.446 0.1430 
21<Z<:82 0 . 2 5 < : E < : 0 . 5 1.117 0 .0731 
O.O5<:E<:5.O 1.7355 0.0712 
4.4 RESULTS Am DISCUSSION 
In this Chapter the attempt has been mainly to reproduce 
the transmission curves theoretically; i.e. to view the •/. of 
: 67 
transmitted beam intensity theoretically as a function of the 
thickness of the material through which the beam passage takes 
place. It may be outrightly said that the treatment of the 
method though not very rigorous, gives results of fairly good 
accuracy. 
The transmission curves for a large number of absorbers 
including the rare earth metals were constructed. The shape 
of the transmission curves is precisely the same as that of an 
experimental curve. These curves have been used to determine 
+ 
the values of R""^  and the absorption coefficients in a similar 
manner as was done with the experimental transmission curves in 
Chapter III. These theoretically obtained transmission curves 
for few of the absorbers at different energies are shown in Figs. 
4ol - 4.9. The shape of these curves for rest of the absorbers 
at different energies is exactly the same. 
Comparison of Absorption Coefficients and Range With 
Experimental Values 
The mass absorption coefficients and the range have been 
realized from the theoretical transmission curves in different 
absorbers and at different energies of the incident particles. 
The comparison of the mass absorption coefficients realized from 
theoretical curves are compared with the present experimental 
values at energy Ej^ ^^ ^ = 1.88 MeV in tables 4.3 and 4.4. The 
ratio of |ijjjte~) to t^ m^ "^^ ^ ^ ^ v^iell as the actual values of |%(e~) 
and p-mCe"^ ) agree, both qualitatively as well as quantitatively. 
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Fig. 4.1 Theoretical transmission curves for electrons of 
energy E^ ^^ ^^  = o.25 MeV in Cu, Ag and Au« 
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within an error of 4-/. to 8/.. The difference is less in low-Z 
materials and is more for low energies and high-Z materials. 
The ratio |ij^ (e~)/|%(e'*") slowly rises from low-Z materials to 
high-Z materials, with the exception of carbon and few other 
materials. This trend is identical for both theoretical and 
experimental values. The ratio i^^iCe")/lOjj^C e"*") for rare earth 
elements as shown in table A.4 reveals almost constant values 
both for experimental as well as theoretical data. 
It is of interest to examine these coefficients in the low 
energy region. The values of mass absorption coefficients for 
14-15) positrons and electrons as tabulated by Nathu Ram et alo ' 
for Beryllium, Alundnium, Copper, Silver and Lead; at energies 
0.324 MeV and 0.544 MeV, are compared with values realized from 
the theoretically constructed curves in table 4.5. The present 
ratio |ijjj( e~)/iijjj(e'^ ) and ]ig-/ji + are sarne, both of them are the 
mass absorption coefficient ratio for electrons and positrons. 
For Beryllium and Aluminium this ratio at energy 0.324 MeV is 
less than one for both, theoretical as well as experimental 
values. This is in agreement with the predictions of Seliger ' 
2) 
and Rohrlich and Carlson ^ , showing lesser penetration for 
positrons in low-Z materials at low energies. At energy 
^max ~ 0'^44 MeV, except for Beryllium the trend of theoretical 
14) 
and experimental values ' is precisely the same; both sets of 
values show greater transmission of positrons than of electrons. 
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The ratio P^ie~)/V^iQ^) for Yttrium, Neodymium, Holmium, 
Ytterbium and Gold for energies 0.324 MeV and 0.544 MeV are 
shown in table 4.6. Except Yttrium at 0.324 MeV, the values of 
\i{e~)/\i^(,e^) are more than one, showing more absorption of 
electrons than that of positrons. 
In table 4.7 the comparison of the theoretically deter-
15) 
mined mass absorption coefficients with experimental values ' 
for electrons of energy E„.„ = 1.71 MeV has been shown for Be, 
max 
Al, Cu, Ag and Pb. The agreement is good within a difference 
of about 4 to 8-/.. 
The comparison of values of the range for electrons as 
determined from the theoretically constructed curves and the 
experimental values R~f„ at different energies, in C, Al, Ni, 
Cu, Y, Zr, Ag, Cd, In, Nd, Ho, Yb, Au and Pb are shown in 
table 4.8. Also the values of experimental range R ^  of posi-
trons at energy 1.88 MeV is compared with theoretical values in 
table 4.9, for C, Al, Cu, Y, Ag, Nd, Ho, Yb, Au and Pb. The 
agreement of these values is good within a difference of 4 to 8-/. 
The experimental and theoretical values of range for electrons 
and positrons at different energies as a function of atomic 
number Z of the absorber are shown in Fig. 4 .lOo 
This difference in the range as well as the absorption 
coefficients in two sets of values is possibly due to the fact 
4) that Batra and Sehgal ^ had predicted an error of about 4-/. in 
their values of total stopping power, expression (Eq. 4.1). 
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Con.parison of t h e o r e t i c a l l y de termined rridss a b s o r p t i o n 
- 1 "^ 15) 
c o e f f i c i e n t s ( u n i t gm cm"") v/ith expe r imen ta l v a l u e s 
for e l e c t r o n s with E„,^  , = 1.71 jv.eV. 
mux 
Absorot ion c o e f f i c i e n t s in 
Type 
Beryllium Aluminium Copper Silver Gold 
Theoretical 7.01 9.12 12c57 13o32 15.98 
(Present work) 
Experimental 6.60 8c40 11.60 12.30 14.80 
(Ref. - 15) 
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TABLE - 4.9 
Comparison of present experimental values of range R ^  
and values of range determined from present theoretically 
build up curves at energy E = 1.88 i.ieV. 
Material 
Range in mg cm -2 
Experimental Theoretical 
Carbon 
Aluminium 
Copper 
Yttrium 
Silver 
Neodymium 
Holmium 
Ytterbium 
Gold 
Lead 
1332 
1240 
1163 
1230 
1160 
1142 
1125 
1106 
1035 
1026 
1232 
1138 
1195 
1190 
1100 
1087 
1059 
1051 
1005 
976 
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This value ot the total stopping pov/er has been used as input 
data for calculating t'ne energy loss and finally the percentage 
transndssiono On the other hand the present experimental data 
14-15) 
as '.-'ell as the data of i^ athu Kan. et al. ' also indicate 
an error of about 4yl or so. Hence the compounded effect intro-
duces an uncertainty of about ^-Z. to Q'/., This difference is 
possibly co'ndng in all the present comparisons. 
78 : 
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CHAPTER - V 
CALCULATIONS OF STRAGGLING FREE PRACTICAL 
RANGES, R^^ OF POSITRONS AND ELECTROIo 
s f p 
5.1 IKTi{QDUCTION 
The. ;:'sitrons ano electrons wnile passing through 
matter have both the inelastic and elastic interactions 
with the atoms of the absorber. Their path gets distorted 
during slowing dovm due to multiple scattering, and with 
decreasing energy the process of distortion bocones more 
rapid. This is due to the fact that significance of multi-
ple scattering is enhanced at low energies, until at sorre 
stage v^ hen the energy of those particles is decreased to 
such a level that their niotion becomes random. This random 
n.otion results in diffusion of these particles in the 
absorber. The energy at which the diffusion sets-in depends 
upon the nature of the absorbing material as well as the 
initial kinetic energy of these particles. Those randomly 
moving particles are left v/ith substantial fraction of their 
incident kinetic energy. Hence, even after the diffusion 
process starts, the positrons and electrons can travel on 
an average, some distance. This distance is a substantial 
fraction of the practical range of these particles in the 
absorbing material. This fact is to be utilized for cal-
culations of the straggling free practical ranges of these 
particles in the target materials. Both parts of the 
journey of these particles, i.e. before and after the di-
ffusion process starts, must be taken into account. The 
approach for these calculations must be such that it can be 
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compared with the experimental results on transmission of posi-
trons and electrons. 
5.2 PRESENT METHOD FOR THEOKETICAL CALCULATIONS OF 
STRAGGLING FREE PRACTICAL RANGES 
The diffusion of electrons has been taken into account by 
Bethe et alo ' in their theory of electron penetration. The 
assumptions used in this theory ^ not only bring this theory 
much nearer to the experimental situation, but also make the 
present approach of calculating the straggling free practical 
ranges simpler. These assurations are extendable to positrons 
also. It is assumed that positrons and electrons while passing 
through absorbers in the beginning suffer energy loss but under-
go very little multiple scattering, and travel alniost along a 
straight path. vVith the decrease in the energy of these parti-
cles the multiple scattering process starts and finally v«/hen 
the motion of these particles becomes random the diffusion sets 
in. The process of multiple scattering of these particles 
during their slowing down in the absorbers is taken into account 
for finding the critical energy T ' , at which the process of 
diffusion starts. However, both the multiple scattering and 
slowing down can not be easily treated simiultaneously. Therefor 
to simplify, this situation is approximated by assuming a 
direct transition from a straight motion into diffusion. 
: 81 : 
1) 
This transition was visualized by Bethe et al., by using 
the definition of transport ir.ean free path, to occur when 
<Cos 9> = -i •... (5.1) 
average e 
where G - Angle between the direction of motion of the particles 
in the target material and the direction of initial 
beam. 
Therefore by knowing <Cos G> , both the straight motion 
' ^ average 
and diffusion of these particles can be treated to determine the 
desired range. 
2-4) Batra and Sehgal ' have evaluated the critical kinetic 
+ 
energy 'T ' for positrons anc electrons and plotted against 
incident kinetic energy T for different absorbers. It can be 
2-4) 
noticed fromi graphs ' that v;ith decreasing value of T and 
± , 
increasing Z, the fraction T /T of energy left with the positrons 
+ 
or electrons increases rapidly. Also for any absorber T is 
+ -
smaller than T , except when T is <100 KeV, then T^ t^ T^. Also 
r r r 
the difference between T and T increases with increasing 
value of T. 
+ 
Once the critical kinetic energy T for a particular ini-
tial kinetic energy is evaluated for some target material, the 
calculations of the part of range before and after diffusion 
process starts, can be done. The straight path traversed by 
2—4) positrons or electrons, i.e. the projected range is given ' 
in continuous slowinq aown approximation as : 
+ + - + 
+ ± i 
where KZ ^ , (T) and R„ ^ , ^  (T^) arc the C.s.-'.a. ranges of L/«s«o«a» o«s«o«a« J. 
positrons and electrons for T and T_, and can be obtained by 
5) 
using the Berger and Seltzer tables. 
(a) Inclusion of Higher order terms in mott's ii :^ 2 _ ^ 
Expression as Used by Batra and Sehqal ' 
+ 
rVhen the values of range R obtained by Batra and Sehgal 
in the aforesaid manner are coriipared with the present experi-
mental values in Chapter III, the discrepancies between the two 
sets of values are quite clear. The nature and extent of dis-
agreement is discussed in Chapter I, 1.3(c) and then in 
Chapter III, table 3.4 and Figs. 3.15 to 3.18. 
2-4) The disagreement between values due to Batra and Sehgal ' 
and the present experimental data can be suspected due to the 
error involved in the empirical relations of total stopping 
3) 2-4) 
power ^, used by Batra and Sehgal ^. These empirical rela-
7) tions Were r.iodified by Rathi ^ for lovv^  energy region i.e. upto 
500 KeV. For higher energies the empirical relation given by 
3) Batra and Sehgal ^ is valid. It has been verified that these 
3 7) 
empirical relations * ' for total stopping power give correct 
values of the energy loss within +4y. for all values of Z. The 
reason for this difference between the experimental values 
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+ 2-4 
and the values of R due to Batra and Sehgal , have been 
spelled out in Chapter I, 1.3(c). 
The jMott's ^ expression for elastic scattering cross-
2-4) 
section as used by Batra and Seligal taking only the linear 
tern in aZ is given by: 
C"(©,Y) = T (-IT-) T-— U - r Sin-(e/2) 
- irafi Sin (e/2) (1 - Sin (e/2)] ... (5.3) 
where YQ - e /ra c and other symbols have their usual meaning. 
The cross-section ^ having higher order terms is very complica-
ted. R.i/i. Curr ' has given the Mott's ^ cross-section upto the 
fifth power of (aZ) in the following form: 
o{e,y) = z 2 ( — ^ — 5 ) ( \ ~ P ) [1 - p2 sin2 9/2 
2m^c^P'^ Sin^(e/2) 
3 
ct R 
+ apR^ + a^R^ + a^p^R^ + — ^ + a^pR^ 
°''^ 4^ 4 . 4 2 « a^R^ ""^ 3 2 • — ^ 4 ^ - ^ ^ "4 - ^ 3 " P 
+ a^K' ^  ••• (5.4) 
7 
Where a = y ^ , p = y/c and 0 = angle of scattering. This is 
for electrons and for positrons only the appropriate sign is 
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to be changed. The R's are complicated expressions and involve 
p functions of complex nature, and render o{9,y) quite uninteg-
rable. In order to have an idea about the extent of contribution 
due to higher order terms. One can compute the values of elastic 
scattering cross-section having only linear terrii in aZ and cross 
section having terms upto (aZ) , calling them o-^iQ^y) and a^{Q,y. 
respectively. These values for different angles of scattering 
in Lead at energy 1 MeV, and different elements for scattering 
angle 30° at energy 1 MeV, are given in table (5.1) and (5.2) 
respectively. 
TABLE - 5.1 
Angle 0 a-^iQ,y) Barns Op^{9,y) Barns 
30 24859.0 25273,0 
45 5259.9 6n05.8 
60 1735.7 2612.8 
80 560.5 1039c7 
90 349ol 702.4 
100 226.8 488.6 
120 105.6 252.0 
135 64.1 161.5 
150 42.1 110.1 
180 38.1 72.1 
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TABLE - 5.2 
Elements cf-,(9,Y) Barns o^{e,y) Barns 
Aluminium 107.98 108.77 
Silver 161.15 171.30 
Gold 5083.20 5438.90 
Lead 5530.30 5871.70 
It is observed that tl.e difference in oAQ,y) and OC(9,Y) 
increases v\ith increasing value of angle 9 and the atomic nurber 
Z. By using the new expression for scattering cross section 
(Eq. 5.4) one can ;, odify the terms F (y) ~ and hence T -^  
used by Batra and Sehgal. However, the expression (Eq. 5.4) is 
very tedious and values of R's can not be known in sir^ ple analy-
tical form, tl"ie graphical method has been adopted to n.odify the 
2-4) 
various constants used by Batra and Sehgal " ^. 
(i) i'.iodification of Constants D-, and D^ 
2 9—4) 
The mean square deflection, <9 > of the particle ^ re-
quires the knowledge of miultiple scattering angle distribution: 
<e^ > = I / e^ a(9,T)d9 ... (5.5) 
Because the real integration of a(9,Y) having terms upto 5 of 
db 
(aZ) i s i i - iOosGible, i i ie c r o s c - s e c t i o n a^(Q,Y) h<=.s been a p p r o -
x imated i n p r e s e n t c a l c u l o t i o n G a s : 
o^{^,y) = Tij^  a-j^(e,Y) (5o6) 
where c o n s t a n t ri-, i s i n o e o e n d e n t of 9 . i L i s c o n s t a n t r\-. i s 
est i f iuated i n t h e fo l lovv inq v/ay: 
The v a l u e s of O(r(0,Y) and O - , ( 9 , Y ) a^ 3 f u n c t i o n of G a r e 
p l o t t e d on t h e same s c a . l e . The a r e a c o v e r e d under t h e s e curved 
2 -4 ) betv.'een Llie s c r e e n i n g a n g l e 9 and 0^ _ = Tx i s t h e n e s t i m a t e 
n.a X 
[n i s means trie oe L e r i . m a t r o n ox: 
and 
(Area) ,^ = 
71 
J a . ( Q , Y ) d 0 
ri 
( A r e a ) ^ = / a ^ ( G , Y ) d 9 
( 5 . 7 ) 
Ttie c o n s t a n t r), i s t h e n e s t i r ^ a t e d a s : 
( A r e a ) ^ 
^1 " iArea)j_ 
The values of the constant t), for different elements and 
different enemies are tabulated in table 5.3. 
(5.8) 
TABLE - 5.3 
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Elements 
Constant -n-, at energy 
0.77 jV.eV 1.53 MeV 
Aluminiuni 
Copper 
Yttrium 
Silver 
Holmium 
Gold 
Lead 
1.0010 
1.0314 
1.0455 
1.0693 
1.0778 
1.0990 
1.0959 
1.0010 
1.0226 
1.0330 
1.0434 
1.0759 
1.0620 
1.0743 
Thus solving (Eq. 5.5) in a similar way as done by Batra 
2-4) T2 i 
and Sehgal ' , the m:0dified values of <(i) > for energy 
<0.5 MeV and energy between 0.5 to 5.0 MeV can be obtained. 
These values in terms of new values of D, and D^ are given by: 
2 i 
^o-^r 
for energy <0.5 MeV (5.9) 
and 
R2 ± + 
for energy >0.5 MeV. (5.10) 
Ol) 
Hence 
and 
Fi(Y^) 
F2(Y,) 
D, 
^2(^0) -^  rr 
(5.11) 
where y corresponds to thickness dx = 0 of the absorber and 
Y corresponds to the thickness where the energy of the parti-
cle becomes equal to the critical energy. It is quite clear 
that the factors D! and D2 will be r), times greater than the 
2—4) factors (D-, and D^) ^ respectively. This factor T), can be 
taken out of the integral and rest of the calculations are the 
2-4) Same as c a r r i e d by Batra and Sehgal 
a re g iven by: 
The f a c t o r s D-, and D„ 
D^ = 47; N r^ Z(Z+1) m^c^/P {m^Z+C^) 
D2 = 471 N r^ Z(Z+1) m^c^/S^im^Zi-C^) 
(5 .12) 
where r is the classical radius of the electron, f is the 
density of the scatterer, m^jm^, C-, and C2 are the constants 
2-3) listed in the papers of Batra and Sehgal' The values of D, 
2-3) 
and Dg have also been tabulated by them' ^ for various elements 
(ii) iv'iodification of the functions F {y ) 
+ 
Th e functions Fj^ (Yp) and F2^ "^ r^  ^^^ given by Batra and 
2-4) Sehgal in terms of large number of integrals. Few of them 
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can be integrated directly and the integrand for rest of then 
can be expanded in the form of convergent scries. In the 
present case these series are integrated upto 200 terms with 
tlie help of an IBM II30. The jViOtt's cross-section is a 
function of y, so for r.odification of the function F (y) v;e 
use the earlier method, o^{y) = r\2 ^I^Y) for sone particular 
value of the scattering angle 9. The factor TI2 comes out to be 
more than one for different elements at an optimum angle c* is 30 
Therefore, the modified values of the functions, [FJIT-I,) J^.^^^  
± 
and [F2(Yr)],^od. ^^ ^^ "^^  ^ ^^  
Fl(l^r\uod. = ^2 tFi(Yr)] 
and 
^2^^r^nod. 
+ 
ri2 [FglY^)] 
(5.13; 
are also increased. 
+ 
By using the modified values of factors D,, D2, F,(Y ) 
and FO(YJ-) , the values of the range v;ere computed in the 
2-4) 
same way as done by Batra and Sehgal ' the values show impro-
vement of about by. in the low-Z region, IS-/, in the high-Z region 
and about 10^ < in the intermediate Z values. 
(b) Effects of Diffusion on the Range of Positrons and 
Electrons 
+ After evaluation of the projected range R~, i.e. the 
straight path traversed by positrons and electrons, by 
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incarporating the modified values of D, , D2 and F (YJ,) func-
tions as discussed above in article 5.2(a) and using(Eq. 5,2) 
one can proceed to evaluate the effects of diffusion on the 
range of these particles, i.e. the contribution to range of 
these particles after the energy of these particles is reduced 
to the level of critical energy. 
Assuming a uniform source of positrons and electrons at 
+ 
distances = R , the age equation of diffusion theory, i.e, 
11 + — ^ L — v ^ F = 0 ..c (5.14) 
31^(Y) 
can be used to evaluate the distance traversed after the start 
of diffusion by these particles along their initial direction. 
4-
V/here Qt ~(Y) is the reciprocal of the transport mean free path 
^ (Y) and for positrons and electrons is given as: 
— 1 ^ ± 
^ (Y) = -r"— = 27tN / a (G,Y) (1-COS e)Sin G d0 ...(5.15) 
0 . is the non-zero lower limit of the integral which takes 
III JL n • "^  
into account the atomic screening and has been taken in the 
g) 
present calculation, according to William -^  i.e. Q . = 
mm. 
1/3 2 —1/2 
az (Y -1) , where a is the fine structure constant. The 
upper limit 9_,^ ^ is taken as T;, its natural value for a point 
Ilia A • 
nucleus, so long as the energy remains below 5.0 MeV S which 
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is the region of energy of the present investigations, a (0,Y) 
is the elastic single scattering cross-section ' '' for posi-
trons and electrons; 
± r^Z (Z +1) ^2 r Y^-l 2 
o (9,Y) = — ^ [1-1-^510-^(0/2) 
(Y^ - 1)^ 4Sin'^(e/2) ^ 
- 7iaZ(Y^ -l)''"^ /^Y Sin(e/2)(l-Sin(9/2)] (5.16) 
v.'here r - classical radius of an electron and Z(Z+l) replaces 
Z in original Mott's ' expression to account for the scatter-
ing of incident particles by orbital electrons also. The 
factor 'F' in (cq. 5.14) is the total density of positrons or 
electrons . 
Now using the theory of Bethe et al. ' and Rohrlich and 
12) 
Carlson ^ , the expression for mean square of the distance 
2 + traversed by these particles, (r )~ , after the diffusion 
starts can be obtain from (Eq. 5.14), as: 
(r^ )- = 1.05 / — : 1 ^ 0 ^ ]-)" dY ... • (5.17) 
av. %i(Y) 
dv - "1 Using the values of (|§^ 1 ) from ref. 2,3 and 7 and using 
(Eqs. 5.15 and 5.16) one can obtain the root mean square dis-
+ 
tance r^„ = ^(J^ ^± from (Eq. 5.17). Assuming the diffusion 
^ av.'' 
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R~ and R~^ agree for low-Z materials, with the exception of 
P s 1 p 
carbon. The difference for intermediate values of Z was of the 
order of 16>^  or so and for high-Z materials this difference is 
30/. and even more for very low energies. After the inclusion 
of higher order terms in i;.ott and ftiassey ' ' expressions for 
elastic scattering cross-section the improvement in the values 
of calculated range was about 6 to 12/. in the low Z region and 
10 - 18/ in the high-Z region. In addition to the n.odified 
values of R the contribution to range due to diffusion part 
of the range has been estirnated for few absorbers at onurgies 
0.77 .VieV and 1.53 u.eV. The values of the theoretical range 
R~f^ = R~ + ^(^1, ) at energies E^^^ = 0.77 MeV and 1.53 
MeV in Al, Cu, Y, Ag, Ko and Pb, have been compared vv/ith the 
experimental data and shown in table 5.4. The difference in 
the experimental and theoretical values at energy E = 0.77 
j'vleV is from -OoOl/to about 6/ in low-Z materials and from 6/ to 
about 9o5/ for high-Z materials. Similarly the difference 
between the two sets of values at energy E = 1.53 i.ieV, is 
also from -0.50/ to 5.3/ in low-Z materials and upto So^/ in 
high-Z materials. The difference in experimental and theoretical 
values tends to be more at low energy and high-Z materials and 
less at high energy and low-Z materials. This trend was also 
observed in Chapter - III while comparing the values of R~ with 
^sfD ^^ different energies and different Z. The agreement 
between the experimental and theoretical values after incarpora-
ting the effects of higher order terms in K.ott and i-^ assey ' 
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expression of elastic scattering cross-section and the effect 
of diffusion part of the range, is quite good as shown in 
table 5.4. The present difference in the two sets of values 
can be explained as due to the errors in the total stopping 
power expressions " ' ' being used as input data for these cal-
culations, which are stated to be about 4yi or so. The experi-
mental values also have error of about 4-/,, Hence the compound 
effect of these errors might result in the differences of experi-
mental and theoretical values as shown in table 5.4. 
2-4) 
Batra and Sehgal ' in their investigations observed that 
after the energy of the electrons or positrons has attained the 
critical value, these particles thereafter move randomly or get 
diffused and diffusion leads to straggling. By incarporating 
the contribution to the range due to the diffusion of these 
particles, the straggling effect has been taken care off. This 
makes these theoretical values comparable with the straggling 
free practical ranges of these particles, realized in the present 
experimental work. 
While dealing with the improvements in the earlier theoreti-
cal approach in this Chapter, only few details of the earlier 
work have been given, and as such one has to refer to the earlier 
references. 
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